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We investigated intracellular trafficking of GM1 ganglioside in
Niemann-Pick C1 (NPC1)-deficient Chinese hamster ovary cells
[NPC1(—) cells] by using cholera toxin (CT) as a probe. Both the
holotoxin and the B subunit (CTB) accumulated in GM1-enriched
intracellular vesicles of NPC1(—) cells. CTB-labeled vesicles con-
tained the early endosome marker Rab5 but not lysosome-associ-
ated membrane protein 2 and were not labeled with either Texas
red-transferrin or Lysotracker, indicating that they represent early
endosomes. Similarly, CT accumulated in intracellular vesicles of
human NPC fibroblasts that contained both Rab5 and early endo-
somal antigen 1. CTB accumulation in NPC1(—) cells was abolished
by expression of wild-type NPC1 but not by mutant proteins with
a mutation either in the NPC domain or the sterol-sensing domain.
A part of these mutant NPC1 proteins expressed in NPC1(—) cells
was localized on CTB-labeled vesicles. U18666A treatment of
"knock in" cells [NPC1(—) cells that stably expressed wild-type
NPC1] caused CTB accumulation similar to thatin NPC1(—) cells, and
a part of wild-type NPC1was localized on CTB-labeled vesicles in
drug-treated cells. Finally, CT tracer experiments in NPC1(—) cells
revealed retarded excretion of internalized toxin into the culture
medium and an increase in the intracellular release of A subunits.
In accordance with the latter result, CT was more effective in
stimulating cAMP formation in NPC1(—) than in wild-type cells.
These results suggest that transport of CT/GM1 complexes from
the early endosome to the plasma membrane depends on the
function of NPC1, whereas transport to the Golgi apparatus/
endoplasmic reticulum does not.

N iemann-Pick disease type C (NPC) is an autosomal reces-
sive lipid storage disorder. The primary disease-causing
gene, Niemann—Pick C1 (NPC1), is a 13-transmembrane-domain
protein that contains a putative sterol-sensing domain and a
carboxyl-terminal dileucine motif (1-4). NPC1 resides in intra-
cellular vesicles that contain late endosome markers Rab7 and
Rab9 and also a late endosome/lysosome marker lysosome-
associated membrane protein 2 (LAMP2). It has also been
demonstrated that NPCI1 is recruited to the site of free choles-
terol accumulation either by enrichment of cellular cholesterol
or by pharmacological intervention of cholesterol egress from
the lysosome (5-7). These results provided our current concept
of NPC1 as a primarily late endosome-resident protein that
transiently associates with the lysosome (6, 8). Recently, NPC1
was shown to be the first known mammalian member of a
resistance-nodulation-division family of permeases and was ca-
pable of transporting fatty acids across a membrane (9).

The most prominent phenotype of NPC cells is lysosomal
accumulation of free cholesterol, which is caused by impaired
relocation of low-density lipoprotein-derived cholesterol from
the lysosome to other cellular sites, such as the plasma mem-
brane (PM) and endoplasmic reticulum (ER). NPC cells are also
characterized by accumulation of other metabolites such as
phospholipids, glycosphingolipids, sphingoid bases, cysteine, and
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glycoproteins. In the brain, where a lack of NPC1 leads to a
progressive and ultimately fatal neurodegradation, massive ac-
cumulation of glycolipids occurs, with little excessive cholesterol
storage. In addition, extensive glycolipid storage occurs in the
NPC fetal liver, suggesting that this is an early event in the
development of the disorder (10). These glycolipid storage
anomalies raise the possibility that NPC cells have a more
generalized abnormality in cellular lipid trafficking. In pursuit of
this possibility, we and others have focused on investigating the
etiology of ganglioside storage in NPC1-deficient cells (7, 11, 12).
Of the various ganglioside species, GM1 has attracted little
attention, because in total lipid extracts from the NPC brain
there was only a marginal increase of GM1, as compared with
conspicuous increases of GM2 and GM3 (10, 13). However,
anti-GM1 immunohistochemistry has revealed localized in-
creases of GMI1 in various regions of the NPC mouse brain
(unpublished observations), suggesting that GM1 transport is
indeed altered in NPC cells.

The purpose of the current study was to characterize the
intracellular distribution and transport of GM1 in NPC cells, by
using cholera toxin (CT) as a probe. CT is composed of two
subunits, A and B. The B subunit is a homopentamer of an
11.5-kDa polypeptide. This subunit binds stoichiometrically to
five GM1 molecules on the PM with high affinity and specificity.
The A subunit is a single 28-kDa polypeptide that exhibits an
ADP-ribosyltransferase activity and activates the stimulatory
GTP-binding protein, Gs (reviewed in ref. 14).

Materials and Methods

Materials. CT (holotoxin from Vibrio choleae), CTB, FITC-CTB,
nystatin, and brefeldin A were from Sigma; U18666A was from
Biomol (Plymouth Meeting, PA); Cy5 reactive dye-pack, '*I-
containing Bolton-Hunter reagent, Sephadex G25, and the
cAMP EIA kit were from Amersham Pharmacia; Alexa-
conjugated secondary antibodies, Lysotracker red, and Texas
red-transferrin were from Molecular Probes; tetramethylrho-
damine isothiocyanate (TRITC) anti-mouse IgM was from
Nordic (Lausanne, Switzerland). We used a rabbit polyclonal
antibody against Rab5 (StressGen Biotechnologies, Victoria,
Canada), and mouse monoclonal antibodies against GM1
(Seikagaku, Tokyo), Rab5 (Transduction Laboratories, Lexing-
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ton, KY), lysosome-associated membrane protein 2 (LAMP2; a
kind gift from P. G. Pentchev, National Institute of Neurological
Disorders and Stroke, National Institutes of Health), early
endosomal antigen 1 (Transduction Laboratories) and Flag
epitope (Sigma).

Cell Culture. Chinese hamster ovary (CHO) cells were maintained
in Ham F12/10% bovine calf serum. CHO-JP17 is a cell line that
expresses a retrovirus receptor and was used as a wild-type (wt)
cell line. The NPC1 locus in CHO-JP17 was disrupted by
retrovirus-mediated gene trap mutagenesis to give a cell line
NPC1(—) that does not express NPC1 (15). Human skin fibro-
blasts were grown as described (16).

Labeling of CT. CT was labeled with Cy5 by using Cy5 reactive
dye-pack. Briefly, CT in 0.1 M sodium carbonate buffer (pH 9.3)
was incubated with the dye for 0.5 h at room temperature, and
Cy5-CT was separated from free dye by Sephadex G25 gel
filtration. The toxin was iodinated by using '*’I-containing
Bolton-Hunter reagent. Briefly, CT in 0.1 M sodium carbonate
buffer was incubated with dried reagent at room temperature
overnight. The reaction was quenched with glycine and iodinated
protein was separated from unincorporated reagent by Sephadex
G25 gel filtration. The specific activity of >I-CT was ~5 X 10°
cpm/nmol.

CT Uptake and Immunofluorescence. Cells were washed with PBS
and incubated at 37°C for 2 h in reaction medium (F12/25 mM
Hepes, pH 7.4/0.01% BSA) containing Cy5-CT or FITC-CTB
(both at 10 nM). They were fixed in PBS/4% paraformaldehyde
and counterstained with propidium iodide. Where indicated,
cells were fixed without CT labeling. For double-staining exper-
iments, fixed cells were processed for immunofluorescence.
Briefly, cells were incubated in 100% methanol followed by
Block Ace (Dainippon, Osaka) and then with antibodies against
GM1 (1:100), Rab5 (monoclonal, 1:500; polyclonal, 1:1,000),
early endosomal antigen 1 (1:500), or LAMP2 (1:500) at 4°C
overnight. Mouse monoclonal anti-Rab5 was used for double
labeling with FITC-CTB, and rabbit polyclonal anti-Rab5 was
used for double labeling with other mouse monoclonal antibod-
ies. Bound antibody was detected with Alexa488 or 546-
conjugated anti-mouse/rabbit IgG or TRITC anti-mouse IgM
(for anti-GM1). Fluorescent images were obtained with a
MRC1024 confocal microscope (Bio-Rad). For labeling with
Texas red—transferrin or Lysotracker red, cells were incubated in
the same reaction medium containing FITC-CTB together with
Texas red—transferrin (25 wg/ml) or Lysotracker red (5 pg/ml)
for 1 h, fixed, and processed for confocal imaging.

Thin-Layer Chromatography (TLC). TLC analysis of cholesterol and
gangliosides was performed as described (17) with some mod-
ifications. Briefly, cells were disrupted by suspension in H,O,
and total lipids were extracted with chloroform-methanol (1/2,
vol/vol). The extracts were desalted and fractionated into a
neutral lipid fraction and an acidic lipid fraction by C18 reverse-
phase chromatography. TLC was performed by using HPTLC
plates (Merck) developed in hexane—diethyl ether—acetic acid
(90/10/1, vol/vol/vol) for neutral lipids and chloroform-
methanol-0.2% CaCl, (60/35/8, vol/vol/vol) for acidic lipids.
Lipids were visualized by CuSOy (neutral lipids) or resorcinol-
hydrochloric acid (acidic lipids) sprays and heating.

NPC1 Mutagenesis and Expression. A Flag-NPCI expression plas-
mid (pAsC9/Flag-NPC1) in which a Flag epitope was inserted
into the Clal site of human NPC1 cDNA has been described (6).
By using this as a template, we prepared two kinds of loss-of-
function mutants of NPC1: NPC1(del 48-165) that lacked the
entire NPC domain (1) and NPC1(D786N) in which the con-
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served Asp residue in the sterol-sensing domain was substituted
with an Asn residue (18). Both the deletion and the point
mutation were introduced by PCR-based mutagenesis and con-
firmed by direct sequencing. For transient expression, cells were
transfected by using Lipofectamine (Life Technologies). Expres-
sion of wt and mutant NPC1 was confirmed by anti-Flag Western
blotting of lysates from transfected NPC1(—) cells (data not
shown). To generate a cell line that stably expressed Flag-NPC1,
NPC1(—) cells were transfected with pAsC9/Flag-NPC1 and
pSVbsr', and the cells were selected for resistance against
blasticidin and recovered by colony lifting.

125-CT Tracer Experiments. Intracellular transport of '>’I-CT was
assayed as described (19, 20), with some modifications. Cells
were incubated at 4°C for 1 h in the reaction medium (F12/25
mM Hepes, pH 7.4/0.01% BSA) containing 10 nM '>°I-CT, and
after washing they were further incubated in reaction medium at
37°C. At the times indicated, medium was recovered, and
proteins were precipitated with 10% (wt/vol) trichloroacetic
acid (TCA). TCA-soluble and -insoluble fractions were counted
for radioactivity. Cell-associated radioactivity was recovered in
0.1 M NaOH and counted. Radioactive proteins in the medium
were analyzed by SDS/PAGE. The medium was concentrated by
using centricon 10 (Amicon) and mixed with nonreducing sam-
ple buffer (2% SDS/60 mM Tris'HCl, pH 6.8/20% glycerol/
0.001% bromophenol blue), and proteins were separated on
15-25% gradient gel. Gels were processed for autoradiography
and developed with BAS2000 (Fujitsu, Tokyo). Radioactive
proteins in the cell-associated fractions were analyzed by gel
filtration chromatography as described (19). Briefly, cells were
recovered in ice-cold PBS/10 mM N-ethylmaleimide. They were
lysed in buffer [10 mM Tris-HCI, pH 7.4/0.25 mM MgCl,/0.1%
DNase/2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride], and
cell lysates were loaded on a Sephadex G25 column and eluted
with PBS.

cAMP Formation. Cells in 96-well plates were incubated at 37°C for
10 min in the reaction medium supplemented with 1 mM
3-isobutyl-1-methylxanthine and stimulated with CT or forsko-
lin. Reactions were stopped by the addition of 10% TCA and the
cAMP content in TCA-soluble extracts was measured by using
an EIA kit.

Results

Accumulation of CT and GM1 in NPC Early Endosomes. By using
fluorescence-labeled CT, we examined the intracellular distri-
bution of GM1 in NPC1(—) cells. When wt cells were incubated
with Cy5-CT at 37°C for 2 h, internalized toxin was dispersed in
the cytoplasm. The distribution was quite different in NPC1(—)
cells, in which Cy5-CT accumulated in multiple large vesicles.
Similar patterns were observed by using the B subunit of the
toxin (FITC-CTB), which was also concentrated in multiple
large vesicles, primarily at the cell periphery (Fig. 1). Time
course analyses showed that at least 15-min incubation with
Cy5-CT was required to observe the intracellular accumulation
in NPC(—) cells (data not shown). As expected, on the basis of
the binding activity of CTB to GM1 (14), anti-GM1 staining
showed almost complete colocalization of GM1 and FITC-CTB
(Fig. 2a).

To reveal the identity of CTB-labeled vesicles, we used
antibodies against the early endosome marker Rab5 and the late
endosome/lysosome marker LAMP2. In addition, we used Texas
red-transferrin and Lysotracker red to label recycling endo-
somes and lysosomes, respectively (21, 22). The CTB-labeled
vesicles were positive for Rab5 (Fig. 2b) but contained no Texas
red-transferrin, LAMP2, or Lysotracker red (Fig. 2c). Filipin-
positive vesicles in NPC1(—) cells were clustered perinuclearly
(15) and labeled by both Lysotracker and LAMP2 (data not
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Fig. 1. Intracellular distribution of CT in NPC1(—) cells. Cells were incubated
with Cy5-CT (Upper) or FITC-CTB (Lower), fixed, and counterstained with
propidium iodide. (Bar = 10 um.)

shown). These results indicate that CT/GMI1 and free choles-
terol accumulate in completely different vesicular compartments
of NPC1(—) cells, early endosomes, and lysosomes, respectively.

Because CTB causes clustering of GM1 molecules (14), it was
possible that CT-labeling altered the intracellular distribution of
GM1. However, GM1 accumulation in Ra5-positive vesicles was
evident when cells were fixed without prior CT labeling (Fig. 2d),
indicating that the accumulation was not secondary to CT-
induced clustering of GM1.

To examine whether this phenotype is a common feature of
NPC cells, we repeated the labeling experiments by using
cultured skin fibroblasts from an NPC patient, UCH, which do
not express any NPC1 protein (16). Cy5-CT was localized in
multiple vesicles of UCH cells that were negative for Lysotracker
red. Although some intracellular vesicles were also labeled in
control cells, it was obvious that Cy5-CT-labeled vesicles were

merge.;

Fig. 2. Intracellular localization of CT/GM1 in NPC1(—) cells. (a-c) Live cells
were labeled with FITC-CTB, fixed, and then stained with the indicated anti-
bodies, or they were simultaneously labeled with FITC-CTB and Texas red-
transferrin or Lysotracker red. Only the merged images are shown in c. (d) Cells
were fixed without CT-labeling and double stained with the indicated anti-
bodies. (Bar = 10 um.)
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Fig. 3. Intracellular localization of CT in human fibroblasts. (a) Cells from a
control subject and an NPC patient, UCH, were simultaneously labeled with
Cy5-CT and Lysotracker red. (b) UCH cells were labeled with Cy5-CT, fixed, and
double stained with indicated antibodies. Merged images are shown (Lower).
(Bar = 10 um.)

larger in size and higher in number in UCH than in control cells
(Fig. 3a). Cy5-CT-labeled vesicles in UCH cells contained Rab5
as well as a second marker of early endosomes, early endosomal
antigen 1 (ref. 23; Fig. 3b).

Localization of NPC1 on CTB-Labeled Vesicles. NPC1 resides primar-
ily in the late endosome and is recruited to the site of free
cholesterol accumulation (5, 6). To see whether NPC1 is also
recruited to the site of GM1 accumulation, we examined the
following: (i) whether nonfunctional NPC1 proteins are localized
on CTB-labeled vesicles in NPC1(—) cells; (ii)) whether GM1
accumulation is caused by U18666A, a sterol derivative that
induces NPC phenotypes by inhibiting the function of NPC1 or
a closely related protein (5, 6); and (iii) if U18666A has this
effect, whether NPC1 is localized to CTB-labeled vesicles in
drug-treated cells.

Two kinds of mutant NPC1 constructs were engineered by
either deleting the NPC domain or introducing a D786N sub-
stitution in the sterol-sensing domain of Flag-tagged NPCI.
Filipin/anti-Flag double labeling of transfected NPC1(—) cells
showed that both mutants failed to correct free cholesterol
accumulation (data not shown). FITC-CTB/anti-Flag double
labeling showed that, in contrast to wt NPC1 that abolished CTB
accumulation (data not shown), both mutants failed to correct
CTB accumulation, and that a part of expressed mutant NPC1
proteins was colocalized with CTB (Fig. 4).

TLC analysis of a neutral lipid fraction of cellular lipid extracts
showed that NPC1(—) cells contained a higher level of free
cholesterol than in wt cells. The same analysis of an acidic lipid
fraction showed that NPC1(—) cells contained a clearly detect-
able level of GM1, whereas wt cells contained an undetectable
level of this lipid. U18666A treatment caused obvious increases
in the levels of both lipids in wt cells but failed to affect the levels
of either lipids in NPC1(—) cells (Fig. 5a).

To investigate the effect of U18666A on NPCI1 levels and
localization, we stably expressed Flag-tagged NPC1 in NPC1(—)
cells. When these “knock in” cells were treated with U18666A,
the amount of Flag-NPCI1 protein in cell lysates was increased
(Fig. 5b). FITC-CTB/anti-Flag double-labeling experiments
showed clear accumulation of CTB after U18666A treatment

PNAS | October 23,2001 | vol.98 | no.22 | 12393

BIOCHEMISTRY



Fig. 4. Expression of mutant NPC1 proteins in NPC1(—) cells. Cells were
transfected with expression plasmids carrying each NPC1 construct, labeled
with FITC-CTB, fixed, and stained with anti-Flag. (Bar = 10 um.)

and an increased number of Flag-NPCl-positive vesicles,
whereas untreated cells showed no CTB accumulation and a
dispersed cytoplasmic distribution of Flag-NPC1-positive vesi-
cles (Fig. 5¢). In agreement with previous findings (6), the major
portion of Flag-NPC1 in U18666A-treated cells was localized in
perinuclear vesicles, presumably lysosomes, with a few of these
vesicles containing CTB. A minor portion of Flag-NPC1 was
localized in vesicles at the cell periphery, and observations at
higher magnifications revealed that many of the peripheral
Flag-NPCl1-positive vesicles contained CTB (Fig. 5d).

Retardation of CT Transport from the Early Endosome to the PM in
NPC1(-) Cells. Cell-surface-bound CT is first transported to the
early endosome from which the toxin enters one of at least two
distinct pathways (see Fig. 8). First, the toxin is recycled back to
the PM where it is excreted in its intact form. Of note, the intact
form of CT in the medium can be separated from degradation
products by TCA precipitation (19). Second, the toxin can enter
aretrograde transport pathway that leads to the Golgi apparatus
and eventually to the ER. Although precise molecular events
remain unknown, it is clear that the toxin must reach the ER to
yield its enzymatically active A subunits (14).

To determine the transport pathway that is altered in NPC
cells, we characterized intracellular transport of '2’I-CT. In
experiments shown in Fig. 6, cells were first incubated with
1251.CT at 4°C for 1 h to let the toxin bind to cell-surface GM1,
washed, and then at 37°C to allow internalization of the bound
toxin. There was no difference in cell-surface-binding capacities
for 'I-CT between wt and NPC1(—) cells as determined by
cell-associated radioactivity at the end of 4°C incubation (time
0 point in Fig. 6a). Subsequent incubation at 37°C caused a
time-dependent decrease of cell-associated radioactivity in both
cell lines, and the rate of the decrease was significantly lower in
NPC1(—) than in wt cells. This retardation in the clearance of
cell-associated radioactivity was accompanied by decreased ra-
dioactivity recovered in TCA-insoluble fractions from the me-
dium. No significant differences in the TCA-soluble fractions
were seen between the two cell lines (Fig. 6a). SDS/PAGE
analyses revealed the release of intact '*I-CT into the medium
(Fig. 6b).

To confirm that '>I-CT was once internalized and then
released to the medium, we examined whether the release was
(i) temperature-dependent and (i) blocked by nystatin that
inhibits caveolae-mediated internalization (24). We found that
the 'ZI-CT release did not happen at 4°C (data not shown) and
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Fig. 5. Effects of U18666A on cellular levels of free cholesterol/GM1 and
localization of NPC1. Cells were cultured with (+) or without () 2 ug/ml
U18666A for 12 h. (a) TLC analysis of neutral (Upper) and acidic (Lower)
fractions of cellular lipid extracts. Positions of standard lipids are indicated
(Left). (b) Effects on the levels of Flag-NPC1. Lysates from “’knock in" cells were
analyzed by anti-Flag Western blotting. (c) Effects on the localization of
Flag-NPC1. “Knock in"" cells were labeled with FITC-CTB, fixed, and stained
with anti-Flag. (Bar = 10 um.) (d) Merged images of U18666A-treated ‘"knock
in"’ cells obtained at higher magnifications. (Bar = 5 um.)

was inhibited by nystatin both in wt and NPC1(—) cells (Fig. 6¢).
In addition, we tested the ability of brefeldin A that disrupts
Golgi-mediated CT transport (14) to block the '>I-CT release.
Brefeldin A had only a marginal effect on the '>I-CT release in
either cell line (Fig. 6¢) at a concentration high enough to
suppress intracellular release of A subunits (Fig. 6¢). These
results suggested that internalized CT was transported to the PM
at a slower rate in NPCI(—) than in wt cells and that the
transport pathway was independent of the Golgi apparatus.
To examine whether the retrograde transport pathway that
leads to the Golgi apparatus/ER is also altered, we analyzed
cell-associated fractions by gel filtration chromatography (19).
As expected, there were no free A subunits in both wt and
NPCI1(—) cells at the end of the 4°C incubation. In the subse-
quent incubation at 37°C, small amounts of free A subunits were
released in a time-dependent manner, and the amounts of A
subunits released in NPC1(—) cells were always higher than in
wt cells (Fig. 6d). The difference between the two cell lines was
statistically significant (Fig. 6e). Because dissociation of the A
subunit from the holotoxin takes place in the ER (14), these
results suggested that a higher amount of CT was transported to
the ER in NPC1(—) cells. In accordance with the notion that CT
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Fig. 6. Intracellular trafficking of '25I-CT. In all experiments, cells were incubated with 10 nM '23I-CT at 4°C for 1 h, washed, and further incubated in fresh
medium at 37°C for the time indicated. Cells were on six-well plates in a-¢, 60-mm dishes in d, and 100-mm dishes in e. (a) Time-dependent compartmentalization
of radioactivity. Each fraction were recovered as described in Materials and Methods and counted for radioactivity. (b) SDS/PAGE analysis of radioactivity released
intothe medium. H, A, and B indicate the positions of the holotoxin, A and B monomers. Lane 1, '25I-CT applied; lane 2, 125-CT after boiling in reducing SDS sample
buffer containing 1 mM B-mercaptoethanol. (c) Effects of nystatin and brefeldin A on the radioactivity recovered in TCA-insoluble fractions of the medium. Cells
were incubated at 37°C for 2 h. In both the 4°C and 37°Cincubations, the medium contained nystatin (25 ng/ml) or brefeldin A (1 ug/ml). Neither drug caused
a significant change in the cell-associated radioactivity at the end of the 4°C incubation (data not shown). (d) Gel filtration chromatography of cell-associated
radioactivity. The positions of the holotoxin and A and B subunits were determined from elution profiles of '25-CT before and after boiling in reducing SDS sample
buffer (not shown). Profiles of fractions 22-30 depicted in an enlarged scale (/nsets) show the amounts of A subunits. (e) Effects of brefeldin A on the release
of A subunits. Cells were incubated at 37°C for 4 h with or without brefeldin A treatment as in ¢, and the intracellular amounts of A subunits were determined
by gel filtration chromatography. All in a, ¢, and e, each point or bar represents the mean + SEM (n = 3). *, P < 0.05, significantly different from the values of
wt cells.

is transported to the ER via the Golgi apparatus (14), the release  because there was no difference between the two cell lines in the
of A subunits was completely suppressed by brefeldin A in both  effects of forskolin, which directly activates adenylate cyclase
cell lines (Fig. 6e). (data not shown).

To confirm that the retrograde transport of CT to the ER is . .
increased in NPC1(—) cells, we compared the ability of CT to Discussion
stimulate cAMP formation in the two cell lines. In accordance ~ In the current report, we described a novel cellular phenotype of
with the increased release of A subunits, CT was more effective NPCl-deficient CHO cells, accumulation of CT/GMLI in the
in stimulating cAMP formation in NPC1(—) than in wt cells (Fig.
7). The difference in the CT stimulatory effect was not because
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Fig. 8. Intracellular trafficking of CT/GM1. From the early endosome, CT/
Fig.7. Effects of CT on cAMP formation. The concentration of CT was 10 nM GM1 complexes take at least two pathways. First is the pathway back to the
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in time course experiments (Left), and the reaction time was 2 h in dose- PM. Second is the pathway via the Golgi apparatus to the ER. Our findings
response experiments (Right). Each point represents the mean = SEM (n = 3). suggest that transport back to the PM depends on the function of NPC1,
*, P < 0.05, significantly different from the values of wt cells. whereas transport to the Golgi apparatus/ER does not. See text for details.
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early endosome (Figs. 1 and 2). This phenotype appeared to be
shared by another NPC1-deficient cell type, human NPC fibro-
blasts (Fig. 3). According to the current hypothesis on the
topology of PM-derived glycosphingolipids in the endocytic
pathway, the lipid molecules do not retain on the endosomal
membrane but become incorporated into the membranes of
intraendosomal vesicles (multivesicular bodies) (25). Our obser-
vation that both CT and GM1 were luminal rather than mem-
branous suggests that both molecules were located in multive-
sicular storage bodies, accumulation of which is a key
pathological feature of human NPC cells as well as our NPC1(—)
cells (15).

Gangliosides such as GM1 primarily reside on the PM and, as
part of continuous endocytic membrane flow, they are internal-
ized and subjected to a sorting process that directs some of the
molecules back to the PM, some others to the Golgi apparatus,
and others to the late endosome/lysosome. The early endosome
in this flow system acts as a branch point, feeding to different
pathways (25). Cell-surface-binding capacities for CT were not
different between wt and NPC1(—) cells, and it was unlikely that
CT/GM1 influx into the early endosome was increased in NPC
cells. Results of '>I-CT tracer experiments (Fig. 6) showed that
in NPC1(—) cells, transport of CT back to the PM was obviously
retarded, whereas retrograde transport to the Golgi appara-
tus/ER was enhanced. Although the precise reason for the
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secondary to holotoxin accumulation in the early endosome,
which would allow more toxin to enter this pathway. Therefore,
our findings suggest that in the absence of NPC1, normal influx
into and slower efflux from the early endosome cause CT/GM1
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by Neufeld et al. (5); according to this model, normal influx and
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PM or to the Golgi apparatus, there is little evidence that the
toxin enters the late endosome/lysosome (14). Therefore, by
using CT as a probe, GM1 transport from the early endosome to
the later endocytic compartments was not assessed in the current
study, and it remains to be determined whether this transport
pathway depends on NPC1 function.

The most prominent phenotype of NPC cells is lysosomal
accumulation of free cholesterol, and it is still an open question
whether the early endosomal GM1 accumulation is secondary to
abnormal cholesterol trafficking or not. At one extreme, it is
possible that transport of free cholesterol and of GM1 operate
independently from each other, and this phenotype is a direct
consequence of the absence of NPC1, which is involved in lipid
export from the early endosome. This hypothesis is supported by
our finding that a part of expressed NPCI1 was localized on
CTB-labeled vesicles. This localization was evident, however,
only when NPC1 function was disrupted either by a genetic (Fig.
4) or pharmacological (Fig. 5) method, and there is no evidence
for the presence of NPC1 in the early endosome at the steady
state. Therefore, if NPC1 is directly involved in GM1 export, this
protein may transiently associate with GM1-loaded early endo-
somes, as it does with cholesterol-loaded lysosomes. Alterna-
tively, it is also possible that the early endosomal GM1 accu-
mulation is secondary to abnormal cholesterol trafficking in
NPC cells. This hypothesis is supported by several lines of
evidence that both intracellular levels and distribution of gan-
gliosides could be modulated by cellular low-density lipoprotein
uptake in NPCl-deficient CHO cells (7) as well as in normal
human fibroblasts (26). It is the subject for future studies to test
these hypotheses.
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